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Introduction
============

*In vitro* ovarian follicle development and oocyte maturation have been achieved using traditional methods for 2-dimensional culture, such as on the surface of petri dishes, and three dimensional (3D) matrix, such as alginate and hydrogel[@B0][@B1][@B2]. A 3D culture system effectively maintained follicles in a tissue-like structure and kept the similar gene expression profiles as *in vivo*[@B3] follicles, and produced meiotically competent oocytes[@B4][@B5]. 3D culture systems can also be established in a matrix-free condition, for example, hanging drop suspension and rolling vessels. The rotating wall vessel (RWV) developed by the National Aeronautics and Space Administration (NASA) generates a simulated microgravity (s-µ*g*) for the cells cultured inside the vessel[@B6]. This simulated microgravity condition provides a unique culture system for cell proliferation and differentiation because of the lack of sedimentation for convection. It has been shown that simulated microgravity promoted endothelial vessel formation from endothelial cells[@B7][@B8], thyroid tissue assembling from thyroid cells[@B9], and chondrogenesis from adipose-derived mesenchymal stem cells in RWV devices[@B10]. However, other studies have shown that simulated microgravity induced apoptosis in gastric cells and B lymphoblasts[@B11][@B12][@B13], suggesting the effects of simulated microgravity on cellular injury may be cell type-dependent. Simulated microgravity could also cause changes at the ultrastructural level, as reported in the disturbed spindle organization and induced cytoplasmic blebbing in oocytes[@B14]. The optimized simulated microgravity conditions and mechanisms that induce tissue engineering or cellular injuries under the system require further investigation. *In vitro* experiments of growing ovarian follicles/oocytes using RWV devices can provide valuable information on oocyte gene expressions and ultrastructures of oocyte organelles. In this study, ovarian tissue containing preantral follicles and isolated preantral follicles was used to investigate the effects of simulated microgravity*on follicle development and oocyte maturation.*

In this study, ovarian tissue containing preantral follicles and isolated preantral follicles were used to investigate the effects of simulated microgravity on follicle development and oocyte maturation. In our study, the RWV, a simulated microgravity device, spins around a horizontal axis inside a 5% CO~2~ incubator, providing a simulated microgravity condition with efficient oxygenation and very low shear stress. We analyzed the gene expressions of proliferating cell nuclear antigen (PCNA) and growth differentiation factor 9 (GDF-9) as indicators for the development of granulosa cells and oocytes, respectively. We demonstrated that PCNA and GDF-9 expressions were suppressed in the granulosa cells and oocytes, respectively, when cultured in the RWV device, and we showed the withdrawal of oocyte microvilli from the zona pellucida in the follicles cultured under the s-µ*g* condition, which was similar to that in GDF-9-deficient mouse follicles[@B15].

Protocol
========

Ethical approval for this study was obtained from the Animal Research Ethics Committee of Wen Zhou Medical College.

1. Preparation of Culture Media and Alginate Hydrogel
-----------------------------------------------------

1.  Prepare ovarian tissue and follicle handling medium using L-15 medium with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 µg/mL streptomycin. Store at 4 °C for two weeks.

2.  Prepare ovarian tissue and follicle culture medium consisting of alpha-minimal essential medium \[α-MEM\] supplemented with 5% fetal bovine serum \[FBS\], 1% insulin-selenium-transferrin, 10 mIU/ml rFSH, 100 IU/mL penicillin, and 100 µg/mL streptomycin. Store at 4 °C for two weeks.

3.  Prepare alginate hydrogel using 0.8% (w/v) sodium alginate solution in sterile PBS, then drop 10 µL of this solution into the encapsulation solution (140 mM NaCl /50 mM CaCl~2~) to create alginate beads. NOTE: The alginate bead size was about 3 mm in diameter.

2. Mouse Follicle Isolation and Encapsulation
---------------------------------------------

1.  Cull 14 day-old ICR female mice by cervical dislocation, remove ovaries aseptically using scissors and forceps, and put ovaries into 2 mL of handling medium.

2.  Cut ovaries in half using a scalpel. The half-sized ovarian tissue was about 1 mm thickness for culture in the culture medium.

3.  Manually isolate follicles from ovaries using 26 1/2-guage needles under a 2-4X stereomicroscope, and collect the selected follicles for culture in the culture medium. NOTE: Follicle selection criteria: 1) follicles were round with oocytes in the middle and 2-3 layers of granulosa cells surrounding the oocytes, 2) follicles had an intact basal membrane attached with some theca cells, and 3) follicle size was 90-100 µm in diameter

4.  Create alginate beads per step 1.3. Wash follicles with alginate solution and then pipette a single follicle into the middle of each alginate bead to make certain every bead contains a single follicle under a stereomicroscope. After rinsing in culture medium, culture the alginate beads in 150 µL of culture medium in a 35×10 mm culture dish or a RWV device.

3. Ovarian Tissue or Follicle Culture Under Simulated Microgravity
------------------------------------------------------------------

1.  Use a RWV device for generating simulated microgravity. Fill the vessel with light paraffin oil (\~10 mL), place 150 µL of culture medium in a droplet into the oil, then transfer one piece of ovarian tissue or three alginate beads with encapsulated follicles into the medium droplet. Close the vessel port cap and fix the vessel onto the rotating base of the device.

2.  In control groups, place alginate beads containing follicles or ovarian tissue into 150 µL of culture medium in a droplet covered with light paraffin oil in 35×10 mm culture dishes.

3.  Incubate both the culture dishes and RWV device in a humidified incubator at 37 °C with 5% CO~2~in air.

4.  To change culture medium in RWV device: pour the oil and medium from the vessel into a 150×20 mm culture dish, transfer the ovarian tissue or alginate beads to a culture dish with culture medium. Re-establish the vessel culture system per step 3.1.

4. Decapsulation and Follicle Retrieval
---------------------------------------

1.  After 4 days of culturing, pour the oil and medium from the vessel into a 150×20 mm culture dish. Pick up alginate beads and decapsulate follicles from the alginate beads by incubating in handling medium supplemented with 10 U/mL alginate lyase for 30 min at 37 °C.

2.  Collect follicles and then wash them in handling medium under a stereomicroscope.

5. Ovarian Tissue and Follicle Assessment
-----------------------------------------

1.  **Cell Viability Assay** Wash the decapsulated follicles three times in D-PBS, and then incubate them in 150 µL of the combined Cell Viability Assay reagents (2 µM calcein AM and 4 µM EthD-1) at room temperature for 45 min.Transfer follicles to a clean microscope slide with 10 µL D-PBS, cover with a coverslip, and then seal with clear fingernail polish.Count green and red cells in the slides under a confocal fluorescence microscope (400X). NOTE: In this viability assay, green cells are live cells, and red cells are dead cells. Follicles with less than 10% red cells (dead) are considered as survived follicles.

2.  **Hematoxylin and Eosin (H&E) Staining of Ovarian Tissue and Follicle** Fix fresh 14-day-old mouse ovaries and preantral follicles isolated from 14-day-old mice in Bouin\'s solution as Day 0 samples. Fix the cultured ovarian tissue after either 2-day or 4-day culture, and individual follicles inside the alginate beads after 4-day culture as experimental samples.Embed all samples in paraffin, section serially at 5 µm thickness, and then stain with H&E according to the manufacturer\'s instructions.

3.  **Follicle Counting and Diameter Measurement** In ovarian tissue sections stained with H&E, count all follicles and healthy preantral follicles within the tissue section area under a microscope (magnification 400X). Calculate follicle density by dividing the number of preantral follicles by the total number of follicles. NOTE: the healthy preantral follicles are those with at least two layers of granulosa cells.Measure follicle and oocyte diameter of the Day 0 follicles and Day 4 cultured follicles.

4.  **Immunohistochemistry** Fix ovarian tissue in 4% paraformaldehyde, embed in paraffin, section at 5-µm-thickness, and mount tissue sections on slides. Dewax the sections, rehydrate, and incubate them in citrate buffer for 15 min. Block the endogenous peroxidase in 3% hydrogen peroxide, unmask antigen in 5% goat serum, and then incubate with primary antibodies at room temperature for 3 h. Wash in PBS for 3 min, then incubate the slides with 1:500 diluted horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L) for 1 h at room temperature. NOTE: The primary antibodies used in the study were rabbit anti-GDF-9 antibody (1:500 dilution) and rabbit anti-PCNA antibody (1:200 dilution).Incubate ovarian section slides with 3,3\'-Diaminobenzidine \[DAB\] to detect the peroxidase activity and mount on glass slides with aqueous mounting medium.Observe ovarian section slides under a microscope at 400X magnification.

5.  **Transmission Electron Microscopy \[TEM\]** Fix follicles in 2.5% glutaraldehyde for 3 h at room temperature, then post-fix in 1% osmium tetroxide for 1 h at 37 °C. Wash with PBS, then treat the follicles with 1% phosphotungstic acid and 1% sodium uranyl acetate for 1 h at 37 °C. Dehydrate follicles using an acetone series: 25, 50, 75, 95, and 100% (3 times), and epoxy resin-acetone mixture after the final 100% acetone step at 37 °C, and then embed in epoxy resin at 45 °C.Cut the embedded blocks into 1.0 µm semi-thin sections, and stain the sections with 1% methylene blue for 1-2 min to localize the follicles in the blocs. Cut the embedded blocks into 50 nm ultrathin sections and mount the sections on grids for TEM.

6. Statistical Analysis
-----------------------

1.  Present all data in mean ± SEM format. Determine the differences between groups by one-way analysis of variance (ANOVA) followed by Tukey multiple comparison test. The α threshold for test result significance was set at *p* \< 0.05.

Representative Results
======================

[Figure 1A](#F1){ref-type="fig"} shows a RWV with oil inside the vessel. A droplet of 150 µL medium containing one piece of ovarian tissue or three alginate beads with encapsulated follicles was put into the oil. The medium droplet was kept in a state of terminal velocity due to the fluid drag on the droplets within the rotating oil at rate of 25 rotations per minute, which generated a simulated microgravity (s-µ*g*) condition. In a control experiment, ovarian tissue or capsulated follicles were cultured in a droplet of 150 µL medium covered with mineral oil in 35×10mm dishes ([Figure 1B](#F1){ref-type="fig"}), which generated a 1-*g* condition.

To study the effects of simulated microgravity on preantral follicle development*in vitro*, we cultured the 14 day-old mouse ovarian tissue under 1-*g* (control experiment) or s-µg conditions. We counted the number of healthy follicles in the H&E stained sections in two conditions after 0, 2, and 4 days of culture ([Figure 2](#F2){ref-type="fig"}). We found that the follicle survival in ovarian tissue treated in the s-µ*g*condition was significantly lower than that under the 1-*g* condition at day 2 and day 4 of culturing (*p*\<0.05, ANOVA). Moreover, we found that no PCNA positive signals were detected in the ovarian tissue under the s-µ*g* condition ([Figure 3](#F3){ref-type="fig"}). In the culture of isolated preantral follicles encapsulated in alginate beads, we revealed that significantly more follicles survived under 1-*g* condition (76.8% ± 5.3%, n = 227) than s-µ*g* condition (54.4% ± 6.7%, n = 249) on day 4 of culturing. In addition, oocyte size had no significant increase after 4 days of culturing, though the follicle size increased significantly under both gravity conditions ([Figure 4](#F4){ref-type="fig"}). However, follicles with less than 10% dead granulosa cells ([Figure 5](#F5){ref-type="fig"}) were significantly lower under the 1-*g* condition (81.5 ± 5%, n = 10) than under s-µ*g* condition (90 ± 8%, n = 10) (*p*\<0.05).

To investigate the effects of simulated microgravity on oocyte functionality, we examined the expression of the oocyte-specific marker GDF-9. We demonstrated that GDF-9 expression was remarkably down-regulated in the ovarian tissue under s-µ*g* condition ([Figure 6](#F6){ref-type="fig"}). In addition, we demonstrated frequent ultrastructural abnormalities of oocyte organelles in the encapsulated follicles at day 4 of culture under the s-µ*g*condition ([Figure 7](#F7){ref-type="fig"}).

[Figure 1](#F1){ref-type="fig"}**: Setup of s-**µ***g*****and 1-*****g*****culture conditions.**(**A**) s-µ*g*was created by the rotating wall vessel and keeping the culture subjects in a state of constant free-fall within the moving oil. (**B**) A 1-*g* condition was created by culturing ovarian tissue or follicles on the surface of a petri dish covered with mineral oil. The arrow indicates a droplet of medium. Scale bar = 1 cm. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig1large.jpg)

[Figure 2](#F2){ref-type="fig"}**: Effects of s-µgon the ovarian tissue culture**. (**A**) Sections of ovarian tissue cultured under 1-*g* or s-µ*g* conditions for 0, 2, and 4 days. Scale bar = 50 µm. (**B**) Follicle density in the ovarian tissue sections. Error bar represents 1 SEM, \*: *p*\<0.05. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig2large.jpg)

[Figure 3](#F3){ref-type="fig"}**: Immunohistochemistry of PCNA.** PCNA protein expression was examined in the granulosa cells in the ovarian tissue cultured under 1-*g* or s-µ*g* conditions for 0, 2, and 4 days. Scale bar = 50 µm. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig3large.jpg)

[Figure 4](#F4){ref-type="fig"}**: Effects of s-µ*g*on the culture of encapsulated preantral follicles in alginate beads.**(**A**) Morphology of preantral follicles cultured under 1-*g* or s-µ*g* conditions for 0 days and 4 days. Scale bar = 50 µm. (**B**) Oocyte diameter and (**C**) follicle diameter were compared between 1 g and s-µ*g* conditions. Error bar represents 1 SEM, \*: *p* \<0.05. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig4large.jpg)

[Figure 5](#F5){ref-type="fig"}**:Cell viability assay.**Representative images were taken under a microscope at 400X magnification. The assay uses Calcein AM to visualize live cells stained in green and EthD-1 to visualize the nuclei of dead cells stained in red. (**A**): A follicle with \~100% live granulosa cells (green). (**B**): A follicle with live granulosa cells (green), as well as more than 10% dead cells (red). Scale bar = 50 µm. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig5large.jpg)

[Figure 6](#F6){ref-type="fig"}**: Immunohistochemistry of GDF-9.** GDF-9 protein expression was examined in the oocytes in the ovarian tissue cultured under 1-*g* or s-µ*g* conditions for 0, 2, and 4 days. Scale bar = 50 µm. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig6large.jpg)

[Figure 7](#F7){ref-type="fig"}**: Ultrastructural analysis of isolated preantral follicles cultured under 1-*****g*****or s-µ*****g*****conditions on day 4 of culture.** (**A**) An oocyte with microvilli (arrows) extending into the zona pellucida (1-*g*condition). (**B-F**) Oocytes with large vacuoles (\*), multilamellar bodies (\#), lipid droplets (arrows), vacuolated mitochondria lacking cristae (arrow), and dispersing Golgi apparatus (arrow), respectively (s-µ*g*condition). O: oocyte; ZP: zona pellucida. This figure has been modified from Zhang *et al.*[@B16] [Please click here to view a larger version of this figure.](//ecsource.jove.com/files/ftp_upload/55641/55641fig7large.jpg)

Discussion
==========

The critical steps for successful culturing of preantral follicles are: 1) correctly selecting the preantral follicles according to the selection criteria that were described in Protocol Text 2.1); 2) preforming all procedures in a skeptical condition and maintaining a sterile culture; and 3) correctly setting up the RWV culture system.

The safeguarding of consistency of experimental observations in the replicate experiments is to use similar or identical materials. The criteria for the selection of mouse preantral follicles revealed that the follicles had 1) healthy oocytes at the germinal vesicle breakdown (GVBD) stage surrounded by a thin zona pellucida; 2) 2-3 layers of granulosa cells enclosed by a basal membrane; and 3) some thecal cells attached to the basal membrane. Thus, the follicles selected had not only all three functional compartments of an ovarian follicle for supporting oocyte growth, but also a similar morphological identification with a diameter of 90 - 100 µm.

This is the first attempt to grow mouse preantral follicles in the manner of 3D culturing under the simulated microgravity. Several culture systems have been developed for mouse preantral follicles. Oocytes obtained from the follicle cultured on a flat surface of petri dishes, the so-called 2D culture, could be fertilized and produced live offspring. Moreover, 3D cultures, such as cultures of follicles in alginate beads, maintain a tissue structure similar to what the body produces in high percentage meiotically competent oocytes. However, the development process of ovarian follicles/oocytes in a zero-gravity field is unknown. RWV, a device which is attracting substantial attention in tissue engineering, can generate a simulated microgravity environment and provide an ideal environment for investigating the effects of simulated microgravity on the ovarian follicle/oocytes growth *in vitro*.

It is important to set up the RWV apparatus properly for cell culture. The air bubbles in the vessel must be removed. The method to remove air bubbles, if generated in the vessel, is as follows: Place two syringes with 0.5 mL of oil in each of the two syringe ports. Open the valves controlling the syringe ports. Maneuver air bubbles underneath the syringe port. Pull the bubbles into the syringe while injecting approximately the same volume of media through the other syringe port. After all bubbles are removed, close the valves, remove the syringes, and replace the syringe port caps. It is also critical to find out the correct rotation speed, which prevents cells from settling via a constant rotation. Optimization of the rotation speed is determined by the specific weight of the cells, the fluid density, and the viscosity.

The expression profiles of PCNA and GDF-9, which were similar to those in GDF-9-deficient mouse follicles[@B15], revealed that simulated microgravity had detrimental effects on the development of granulosa cells and oocytes. The vessel of the RWV device spun around a horizontal axis inside a 5% CO~2~ incubator, allowing for permeation of oxygen and carbon dioxide across a membrane in the back, providing efficient oxygenation and very low shear stress, which was unlikely to be the cause of follicle/oocyte injury. Optimization of the experimental setup and further analyses are needed to investigate the mechanism of the detrimental effects.

Further studies are needed to investigate the developmental potential of the *in vitro* oocytes derived from the RWV culture system. *In vitro* maturation of oocytes to MII stage is presently being carried out. The final validation of this culture system will be examined by the fertilization capacity of the retrieved oocytes.
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